Recent studies indicate that IL-1␣ functions intracellularly in pathways independent of its cell surface receptors by translocating to the nucleus and regulating transcription. Similarly, the chromatinassociated protein HMGB1 acts as both a nuclear factor and a secreted proinflammatory cytokine. Here, we show that IL-33, an IL-1-like cytokine that signals via the IL-1 receptor-related protein ST2 and induces T helper type 2-associated cytokines, is an endothelium-derived, chromatin-associated nuclear factor with transcriptional repressor properties. We found that IL-33 is identical to NF-HEV, a nuclear factor preferentially expressed in high endothelial venules (HEV), that we previously characterized. Accordingly, in situ hybridization demonstrated that endothelial cells constitute a major source of IL-33 mRNA in chronically inflamed tissues from patients with rheumatoid arthritis and Crohn's disease. Immunostaining with three distinct antisera, directed against the N-terminal part and IL-1-like C-terminal domain, revealed that IL-33 is a heterochromatin-associated nuclear factor in HEV endothelial cells in vivo. Association of IL-33 with heterochromatin was also observed in human and mouse cells under living conditions. In addition, colocalization of IL-33 with mitotic chromatin was noted. Nuclear localization, heterochromatin-association, and targeting to mitotic chromosomes were all found to be mediated by an evolutionarily conserved homeodomain-like helix-turn-helix motif within the IL-33 N-terminal part. Finally, IL-33 was found to possess transcriptional repressor properties, associated with the homeodomain-like helix-turn-helix motif. Together, these data suggest that, similarly to IL1␣ and HMGB1, IL-33 is a dual function protein that may function as both a proinflammatory cytokine and an intracellular nuclear factor with transcriptional regulatory properties.
C
ytokines of the IL-1 family play a major role in a wide range of inflammatory, infectious, and autoimmune diseases (1) . The three best known members of this family, IL-1␣, IL-1␤, and IL-18, are highly inflammatory cytokines, and dysregulation of their production or activity can lead to severe pathological events (1, 2) . IL-33 is the most recent addition to the IL-1 family (3). IL-33 has been shown to induce T helper (Th) type 2 responses (3) by signaling through the IL-1 receptor-related protein ST2 (IL-1 R4), an orphan member of the IL-1 receptor family (4, 5) . Treatment of mice with recombinant IL-33 resulted in blood eosinophilia, splenomegaly, and increased serum levels of IgE, IgA, IL-5, and IL-13 (3) . Exposure to IL-33 also caused severe pathological changes in the lungs and gastrointestinal tract, including eosinophilic and mononuclear infiltrates, increased mucus production, and epithelial cell hyperplasia and hypertrophy (3) .
IL-33 shares with the other members of the IL-1 family a single structural domain formed from 12 ␤ strands, arranged in a so-called IL-1/FGF ␤-trefoil fold (6, 7) . Similarly to IL-1␣ (271 aa, 30.6 kDa) and IL-1␤ (269 aa, 30.7 kDa) (1), IL-33 (270 aa, 30.7 kDa) is synthesized as a 31-kDa protein that lacks a clear signal peptide (3) . This IL-33 precursor has been shown to be cleaved by caspase-1 in vitro, and it has been proposed that, similarly to IL-1␤ and IL-18 (1, 2) , IL-33 may require processing by caspase-1 for optimal biological activity (3). However, it remains to be determined whether IL-33 is processed to a mature active form by caspase-1 in vivo.
The observation that the precursor form of each member of the IL-1 family (8) , with the exception of the IL-1 receptor antagonist IL-1Ra, lacks a signal peptide suggested persistence of an early evolutionary role of these proteins as intracellular factors (9) . Indeed, there is growing evidence for intracellular roles of cytokines and growth factors of the IL-1/FGF family. For instance, IL-1␣, which is rarely found in the extracellular compartment but rather is primarily a cell-associated cytokine (1, 10) , has been proposed to regulate cell migration, proliferation, senescence, and differentiation through intracrine mechanisms and intracellular pathways independent of its cell-surface membrane receptors (9, (11) (12) (13) (14) (15) (16) . Nuclear translocation of the IL-1␣ precursor, mediated by a consensus nuclear localization sequence (NLS) within its N-terminal (Nter) part (17) , has been shown to be critical for the intracellular functions of IL-1␣ (12, 13) . Several nuclear targets of the IL-1␣ precursor have been identified that interact specifically with the acidic Nter propiece but not the C-terminal (Cter) mature form (15, 16) . These targets include the histone acetyltransferases p300, PCAF and Gcn5 (16) , and the growth suppressor necdin (15) . The identification of the histone acetyltransferases as nuclear partners of IL-1␣ is in agreement with a recent report demonstrating an important role of the IL-1␣ precursor as an intracrine proinflammatory activator of transcription (9) . Together, these observations indicate that IL-1␣ is a dual-function protein that acts as both a nuclear factor and a proinflammatory cytokine (9) . Interestingly, a similar duality of function has been shown for high-mobility group box 1 (HMGB1) protein, an abundant chromatin-associated protein involved in transcriptional regulation that is released by necrotic cells and secreted by activated macrophages during inflammation and functions extracellularly as a potent proinflammatory cytokine (18) (19) (20) .
In this study, we show that IL-33, which we found to be identical to the NF-HEV protein we characterized (21) , is a nuclear factor associated with heterochromatin in vivo and mitotic chromosomes in living cells, that possesses potent transcriptional-repressor properties. Our findings suggest that IL-33, similarly to IL-1␣, may function as both a proinflammatory cytokine and an intracellular nuclear factor involved in transcriptional regulation.
Results
Endothelial Cells (ECs) Constitute a Major Source of IL-33 mRNA in Chronically Inflamed Tissues from Patients with Rheumatoid Arthritis (RA) and Crohn's Disease. Using in situ hybridization (ISH), we have shown abundant and preferential expression of NF-HEV/IL-33 mRNA in HEV ECs from human tonsils, lymph nodes, and Peyer's patches (21) . In contrast, RT-PCR analysis of human cDNA libraries has revealed expression of IL-33 mRNA in activated dermal fibroblasts, keratinocytes, and activated bronchial smooth muscle cells, but expression in ECs was not reported (3). To define the major cell types responsible for IL-33 mRNA expression in chronically inflamed human tissues, we further characterized IL-33 mRNA expression by ISH. Prominent and specific dot-like signals were detected with the antisense IL-33 ISH probe in blood vessels from human tonsils (Fig. 1A ), Crohn's disease intestine (Fig. 1B) , and RA synovium (Fig. 1C) , whereas the sense probe gave only background signals. Combined ISH for IL-33 and immunohistochemistry (IHC) for postcapillary venule EC marker DARC revealed expression of IL-33 mRNA in both DARC-positive and -negative ECs (Fig. 1C) . Semiquantitative RT-PCR confirmed abundant expression of IL-33 mRNA in ECs freshly isolated from human tonsils, RA synovium, and Crohn's intestine (Fig. 1D) . In contrast, IL-33 mRNA was not detected in HeLa epithelial cancer cells. Together, these findings indicate that ECs constitute a major source of IL-33 mRNA in chronically inflamed tissues.
IL-33 Is a Heterochromatin-Associated Nuclear Factor in Vivo. We have already described NF-HEV/IL-33 as a nuclear factor preferentially expressed in HEV endothelial cells from human tonsils (21) . Because IL-33 has been rediscovered as a cytokine ligand for a cell-surface receptor (3), we decided to confirm its nuclear localization using three distinct antisera against the Nter part (Nter, IL-33, amino acids 1-15) and IL-1-like Cter domain (Cter1, Cter2). Immunostaining of human tonsil sections with the three independent antisera demonstrated abundant expression of endogenous IL-33 in the nuclei of HEV ECs double stained with DAPI and HEV-specific antibody MECA-79 (Fig. 2 A, D, and G) . Nuclear staining of HEV ECs with the anti-IL-33 antibodies was specific because it was abrogated by preincubating the antibodies with the corresponding IL-33 peptides (Fig. 2 B , E, and H) but not control peptides ( Fig. 2 A, D , and G). Interestingly, higher magnification revealed that endogenous IL-33 is enriched in multiple nuclear domains ( Fig. 2 C, F, and I) . The IL-33-containing domains overlapped with high local concentrations of DNA as shown by in situ DAPI (Fig. 2 C, F, and I) or Hoechst (data not shown) staining. Because DAPI and Hoechst are known to bind preferentially heterochromatic AT-rich DNA, this finding indicated association of endogenous IL-33 with heterochromatin. We observed similar heterochromatin staining in the nucleus of HEV ECs with the three independent antisera, indicating that both Nter and Cter parts of IL-33 accumulate in the nucleus of HEV ECs and associate with heterochromatin in vivo.
IL-33 Associates with Heterochromatin and Mitotic Chromosomes in
Living Cells. To characterize association of IL-33 with heterochromatin under living conditions, we analyzed the subcellular localization of IL-33 tagged with GFP at the C terminus, in various cell types. Nuclear accumulation and heterochromatin association of ectopically expressed IL-33 was observed in all living cells analyzed, including human HEK-293T (Fig. 3A) and HeLa (data not shown) epithelial cancer cells, and mouse 3T3 fibroblasts (Fig. 3B) , whereas GFP alone localized throughout the cell without accumulation in the nucleus (Fig. 3C ). In all cell types, IL-33 colocalized with dense regions of Hoechst staining, including the perinucleolar heterochromatin at the nucleolar periphery in human cells and the pericentromeric heterochromatin in mouse cells ( Fig. 3 A and B) . Nuclear and heterochromatin staining was similarly observed when IL-33 was tagged with GFP at the N terminus (Fig. 3D) . We then asked whether IL-33 was still associated with chromatin during mitosis. As expected, GFP alone was distributed throughout the whole cell and mainly excluded from the condensed mitotic chromosomes (Fig. 3E ). In contrast, we observed a clear association of IL-33-GFP with mitotic chromatin, as revealed by the bright green fluorescence on the condensed chromosomal arms counterstained with Hoechst (Fig. 3F ). Unlike HMGB1 (22) , association of IL-33 with mitotic chromosomes was retained after permeabilization and fixation of the cells and immunostaining with IL-33 antibodies (Fig.  3G) . Finally, we confirmed association of IL-33 with chromatin, using a biochemical approach ( (21), and the Cter IL-1-like domain (amino acids 112-270) (3). We observed that fusion of GFP to the IL-1-like domain resulted in an even distribution of the fusion protein throughout the cell, whereas fusion to the Nter part of IL-33 (amino acids 1-111) resulted in nuclear localization and heterochromatin association in living cells (Fig. 4 A and B) . Essentially identical results demonstrating the critical role of the IL-33 Nter part in nuclear targeting and heterochromatin association were obtained in all cell types analyzed, including human HeLa and 293T epithelial cells and mouse 3T3 fibroblasts. To further define, within the IL-33 Nter part, the molecular determinants responsible for IL-33 localization, we first investigated the role of the candidate bipartite NLS (21) . Surprisingly, double and quadruple point mutations in the predicted NLS revealed that it is not required for IL-33 nuclear targeting and heterochromatin association (Fig. 4C) . In contrast, deletions targeting the homeodomain-like HTH motif (amino acids 1-65) abrogated nuclear accumulation and heterochromatin association of the IL-33-GFP fusion proteins (Fig. 4 A  and D) , and this motif alone was sufficient for targeting GFP to the nucleus and heterochromatin (Fig. 4D) . Interestingly, the home- odomain-like HTH motif was also found to be sufficient for targeting GFP to mitotic chromatin, whereas its deletion abrogated association of IL-33-GFP fusion proteins with mitotic chromosomes (Fig. 4E) . We concluded that the evolutionarily conserved homeodomain-like HTH motif within the Nter part is necessary and sufficient for IL-33 targeting to the nucleus, heterochromatin, and mitotic chromosomes.
IL-33 Has Transcriptional Repressor Properties Associated with the
Homeodomain-Like HTH Motif. Because one of the hallmarks of heterochromatin is that it constitutes a transcriptionally repressive environment in the nucleus, we next wished to determine whether IL-33 may possess transcriptional-repressor properties. For that purpose, full-length IL-33 or deletion constructs were fused to the Gal4-DNA-binding domain (Gal4-DB) and used in gene reporter assays with a GAL4-responsive luciferase reporter. The full-length human IL-33 protein was found to exhibit significant transcriptional repressor activity (Fig. 5A ) that was not observed with a reporter lacking GAL4-responsive elements (Fig. 5B) . This effect required tethering of IL-33 to DNA through the GAL4-DB, and it was similar to that of the potent heterochromatin-associated transcriptional repressor histone lysine methyltransferase SUV39H1 (Fig. 5  A and C) . Analysis of IL-33 deletion mutants revealed a good correlation between heterochromatin targeting and transcriptionalrepression activity, because repression activity was observed for the Nter part of IL-33 (amino acids 1-111) and the homeodomain-like HTH motif (amino acids 1-65), whereas the Cter IL-1-like domain (amino acid 112-270) did not exhibit any significant transcriptional regulatory properties when fused to the GAL4-DB (Fig. 5D) . Together, these data indicate that IL-33 possesses potent transcriptional-repressor activity associated with the evolutionarily conserved Nter homeodomain-like HTH motif.
Discussion
IL-33 is a recently described member of the IL-1 family that signals through the IL-1 receptor-related protein ST2 (3). IL-33 was found to be a potent inducer of Th2 responses and Th2-associated cytokines IL-4, IL-5, and IL-13, suggesting that IL-33 may play an important role in asthma and other allergic-type diseases (3, 23) . In this study, we show that IL-33 localizes to the nucleus, associates with heterochromatin and mitotic chromo- somes, and exhibits potent transcriptional-repressor properties. To the best of our knowledge, interleukins have not been shown previously to exhibit such a localization profile in living cells and/or human tissues in vivo. In addition, we identify an evolutionarily conserved domain within the IL-33 Nter part that is necessary and sufficient for IL-33 nuclear localization, association with heterochromatin and mitotic chromosomes, and transcriptional-repression activity. This domain is predicted to exhibit structural homology with the homeodomain and other HTH DNA-binding domains (21) , but has no similarity with the Nter part of other IL-1 family cytokines. Together, our data provide strong evidence that IL-33 is a ''dual-function'' cytokine that may function as both an intracellular nuclear factor and a potent proinflammatory cytokine. A similar duality of function has been shown for IL-1␣ and chromatin-associated factor HMGB1 (9, (11) (12) (13) (14) (15) (16) (18) (19) (20) .
By acting as a dual-function cytokine, IL-33 may be more similar to IL-1␣ than to IL-1␤. Indeed, IL-33 (270 aa) and IL-1␣ (271 aa) have a similar size, share the IL-1/FGF fold at their C terminus, translocate to the nucleus through signals located within their Nter parts, and exhibit transcriptional regulatory properties. IL-33 also shares similarity with HMGB1 by its capacity to associate with chromatin in interphase and mitosis. HMGB1 has been shown to be passively released by necrotic cells (19) or secreted by activated macrophages after hyperacetylation of lysine residues (24) . It remains to be seen whether similar mechanisms may contribute to IL-33 release during inflammation. The mature form of IL-33 has been proposed to be secreted after maturation by caspase-1 (3) . Surprisingly, the predicted cleavage site for caspase-1 was not conserved in the canine, bovine, and porcine IL-33 orthologues (SI Fig. 6 ), casting some doubts about the proposed maturation of IL-33 by caspase-1 in vivo (3). In agreement with this observation, we found no evidence for IL-33 processing in vivo, i.e., differential localization of N-and Cter parts, for both endogenous IL-33 in HEV ECs (Fig. 2 A, D, and G) and ectopic IL-33 in HEK-293T epithelial cells (Fig. 3 A, D, and G) . Membrane-associated IL1␣ biological activity has been demonstrated in many studies (1, 10, 25) , and it remains possible that IL-33 may similarly function as a membrane-associated cytokine. In any case, our results clearly show that IL-33 is a heterochromatin-associated nuclear factor in vivo, and future studies will therefore be required to determine how the IL-1-like cytokine domain is released and/or presented to the ST2 receptor expressed on target cells.
Our data show that ECs constitute a major source of IL-33 mRNA and protein in vivo. ISH analysis in human chronically inflamed tissues revealed abundant expression of IL-33 mRNA in blood vessel ECs from RA synovium and Crohn's disease intestine, suggesting that IL-33 may play an important role at the level of the endothelium during chronic inflammation. IHC with three distinct antisera directed against the Nter part and IL-1-like Cter domain, indicate that IL-33 is abundantly expressed by HEVs in human tonsils. Analyses have shown that IL-33 mRNA constitutes one of the major transcripts preferentially expressed by HEV ECs (21, 26) . Together, these expression data indicate that IL-33 is likely to play important roles in HEV ECs. Like HMGB1, IL-33 may act at the chromatin level and function as a nonhistone chromosomal protein involved in the assembly of nucleoprotein complexes on DNA and the maintenance or establishment of chromatin structure (27, 28) . Similarly to the heterochromatin-associated lymphocyte-specific transcription factor Ikaros, which plays a key role in the transcriptional regulation of genes required for lymphocyte development (29) , IL-33 may regulate gene-expression programs required for development and/or maintenance of HEV ECs in vivo. We found that IL-33 has transcriptional repression properties and localizes to heterochromatin, a nuclear domain linked to gene silencing (30) . IL-33 may therefore repress gene expression in HEV ECs. However, as proposed for Ikaros (31) , IL-33 could also function as a potentiator of gene expression by squelching transcriptional repressors at heterochromatin, thus decreasing their local concentrations on specific promoters and allowing activators to bind more efficiently. Ikaros has been shown to associate with histone deacetylases and chromatin remodeling complexes (32, 33) , and it will be important in future studies to determine whether IL-33 also associates with histone-modifying and chromatin-remodeling complexes.
So far, HEV ECs constitute the only cell type that has been shown to express endogenous IL-33 at both the mRNA and protein level. Unfortunately, these cells can not be grown in culture because they rapidly dedifferentiate outside the lymphoid tissue microenvironment (34) . We looked for another cell culture model, but we were not able to detect endogenous IL-33 protein expression in any cultured cell lines, even after stimulation with proinflammatory mediators. These later observations suggest that in vivo studies will be required to further define the biological roles of IL-33 and the molecular mechanisms regulating its production.
Materials and Methods
Plasmid Constructions. Plasmid pEGFP.N3 (BD Biosciences Clontech, Mountain View, CA) encoding EGFP was modified by deletion of Kozak and ATG sequences of EGFP. IL-33 and IL-33 deletion mutants were amplified by PCR using the human NF-HEV/IL-33 cDNA (21) as a template; all sense primers contained an EcoRI site, a Kozak sequence (CCACC) and an ATG start codon, whereas the stop codon in antisense primers was replaced with a BamHI site. The PCR fragments, thus obtained, were digested with EcoRI and BamHI and cloned in-frame upstream of EGFP in pEGFP.N3 modified vector. Point mutants of IL-33 were generated by two successive rounds of PCR using pEGFP.N3-IL-33 as a template. IL-33 cDNA was also cloned in plasmid pEGFP.C2 (BD Biosciences Clontech) to express IL-33 with an Nter GFP tag and in plasmid pEGFP.N3 with a stop codon before GFP to express IL-33 with no tag. All primer sequences are available upon request.
Mammalian Cell Culture and Fluorescence Microscopy. Human HeLa and HEK293T epithelial cell lines and mouse 3T3 fibroblasts were grown in DMEM supplemented with 10% FCS and 1% penicillinstreptomycin (all from Invitrogen, Carlsbad, CA). For live cell imaging, cells seeded (150 ϫ 10 3 cells per well) in Chamber Slide System 2 wells (Lab-Tek; Nunc, Roskilde, Denmark) 24 h before transfection were transfected with 2 g of plasmid DNA by using a phosphate calcium precipitation method. Two days after transfection, DNA was stained for 10 min at 37°C in culture medium containing 5 g/ml Hoechst 33342 and washed once, and living cells were observed by fluorescence microscopy on an inverted fluorescence microscope (Eclipse TE300; Nikon Corp, Tokyo, Japan).
In Situ Hybridization. Tissue samples for ISH and IHC experiments have been described (35) . ISH was performed as described (34) by using sense and antisense IL-33 riboprobes (GenBank accession no. NM033439, IL-33 cDNA, nucleotides 216-828), labeled with the DIG RNA Labeling Kit (Roche, Indianapolis, IN). Hybridized probe was detected with rabbit anti-DIG HRP-conjugated antibody (1/15; DAKO, Carpenteria, CA) by using the biotin-tyramide amplification system (GenPoint kit; DAKO) and Fast red substrate (Sigma, St. Louis, MO). For combined ISH/IHC, ISH signal was revealed with FITC-conjugated goat anti-biotin antibody (1/100; Vector Laboratories, Burlingame, CA) and sections were further incubated with DARC mAb [10 g/ml, mAb Fy6; kindly provided by Y. Colin (Institut National de la Transfusion Sanguine, Paris, France)]and Cy3-conjugated goat anti-mouse IgG (1/1,000; GE Healthcare, Nottinghamshire, U.K.). Sections were counterstained with DAPI and viewed on a Nikon Eclipse TE300 fluorescence microscope.
IHC. IHC experiments with IL-33 antibodies were performed on 5-m sections from Bouin-fixed, paraffin-embedded human tonsils. Antigen retrieval was done in a microwave oven in citrate buffer, pH6.5 (4 ϫ 5 mn). The sections were blocked in 5% goat serum and incubated overnight at 4°C with IL-33 Nter rabbit polyclonal antibody ( Semiquantitative RT-PCR. Isolation of microvascular ECs from the different tissues and RNA analysis by semiquantitative RT-PCR was performed as described (34, 36) with the following primer pairs: 5Ј-CACCCCTCAAATGAATCAGG-3Ј and 5Ј-GGAGCTCCA-CAGAGTGTTCC-3Ј for IL-33, 5Ј-ACCACAGTCCATGCCAT-CAC-3Ј and 5Ј-TCCACCACCCTGTTGCTGTA-3Ј for the internal control GAPDH.
Preparation of Chromatin Fractions. For preparation of nuclear chromatin extracts, 3 ϫ 10 7 control 293T cells or cells transfected with IL-33 (with no tag) expression vector were washed in PBS and resuspended in 4 ml of chromatin fractionation buffer (0.15 M NaCl/10 mM MgCl 2 /10 mM CaCl 2 /1 mM PMSF/15 mM Tris, pH 7.5/0.1% Tween 20). Cells were ruptured by using Ultra-Turrax (Labortechnik; Staufen, Germany) in the presence of NP-10 to a final concentration of 0.1%. After centrifugation at 800 ϫ g (10 min at 4°C), nuclei were digested with DNase 1 (0.2 g/l) for 10 min at 30°C and pelleted by a brief centrifugation. Chromatin fractions were prepared by adding NaCl, to a final concentration of 400 mM, to the nuclear pellets resuspended in chromatin fractionation buffer. After 30 min at 4°C, the nuclei were centrifuged at 21,000 ϫ g for 10 min, and the supernatant (chromatin fraction 0.4 M) was saved. Chromatin fraction 0.8 M was similarly prepared by adding NaCl to a final concentration of 0.8 M NaCl. The final pellet was saved as residual pellet. Anti-histone H3 antibody [kindly provided by D. Trouche (Laboratoire de Biologie Moléculaire des Eucaryotes-Centre National de la Recherche Scientifique, Toulouse, France) was used to validate the chromatin fractions.
Reporter Assay. Gal4-IL-33 expression vectors were generated by inserting the corresponding IL33 fragments, generated by PCR, into pCMVGT vector downstream of the Gal4-DB (amino acids 1-147). Cotransfection of HEK-293T cells with 10, 100, 500, or 750 ng of pCMVGT constructs, 700 ng of firefly luciferase reporter vector (pLex-Gal4), and 50 ng of Renilla luciferase construct (pRL-CMV; Promega, Madison, WI) was performed by using JetPEI (Polyplus-transfection, San Marcos, CA). The amount of CMV promoter was kept constant (750 ng) by using pCMV-2N3T empty vector. pCMVGT, pCMVGT-SUV39H1 (Gal4-Suv), and pLex-Gal4 vectors were provided by D. Trouche (37) . After 24 h, firefly and Renilla luciferase activities were assayed with the Dual Luciferase Assay System (Promega). All transfections were normalized to Renilla luciferase activity and repeated at least three times.
